Leaf-level anatomical variation is readily apparent within tall tree crowns, yet the relative importance of water and light availability in controlling this variation remains unclear. Sitka spruce (Picea sitchensis, (Bong.) Carr.) thrives in temperate rainforests of the Pacific Northwest, where it has historically reached heights >100 m, despite rarely living more than 400 years alongside redwoods that are five times older. We examined leaves of trees up to 97 m tall using a combination of transverse sections, longitudinal sections, epidermal imprints and whole-leaf measurements to explore the combined effects of water stress and light availability on leaf development in P. sitchensis. In contrast to the situation in tall Cupressaceae, light availability-not hydraulic limitation-is the primary ecological driver of leaf-level anatomical variation in P. sitchensis. While height-associated decreases in leaf length and mesoporosity are best explained by hydrostatic constraints on leaf elongation, the majority of anatomical traits we measured reflect acclimation to light availability, including increases in leaf width and vascular tissue areas in the brightest parts of the crown. Along with these changes, the appearance of abaxial stomata in the bright upper crown, and the arrangement of mesophyll in uniseriate, transverse plates-with radially arranged apoplastic pathways leading directly to stomata before bridging them with a V-shaped cell-may enhance gas exchange and hydraulic conductivity. This suite of leaf traits suggests an adaptive strategy that maximizes photosynthesis at the expense of water-stress tolerance. Anatomical investigations spanning the height gradient in tall tree crowns build our understanding of mechanisms underlying among-species variation in growth rates, life spans, and potential responses to climate change.
Introduction
In plants, the evolutionary quest for light has been described as an arms race, a battle and a competitive struggle, with the winning species temporarily stealing the height advantage to rob its neighbors of light (King 1990 , Niklas 1997 , Falster and Westoby 2003b . Multiple strategies for height growth have emerged, including stem persistence and rapid stem elongation (Niklas 1997, Falster and Westoby 2003b) . Trees became height specialists, characterized by a central trunk, indeterminate growth, lack of senescence and, especially in tall species, leaflevel phenotypic plasticity (Oldham et al. 2010 , Hartmann 2011 , Chin and Sillett 2016 , Van Pelt et al. 2016 .
As a consequence of height, trees face a set of physiological challenges unique among plants, perhaps the most crucial of which is the upward transport of water and nutrients against the force of gravity. For every meter of height gained, gravitational forces act on the water column to decrease water potential (Ψ) by nearly 0.01 MPa (Zimmermann 1983) , such that the top of a 100-m-tall tree, there is a maximum Ψ of −1 MPa. The constantly increasing tension constrains elongation of cells and, consequently, leaf length, because the physical process of cell wall extension must happen under turgor sufficient to breach a minimum yield threshold (Cosgrove 1993 , Wu et al. 2005 . In order to take advantage of peak turgor, leaves of many plants elongate at night when Ψ is highest, but leaf length is hydraulically constrained when maximum Ψ is low (Boyer 1968 , Van Volkenburgh and Boyer 1985 , Boyer and Silk 2004 .
Phenotypic plasticity, the ability to acclimate to environmental signals, is a key component of tall-tree success (Chin and Sillett 2016, Van Pelt et al. 2016) . To maintain foliage across crowns that may be >80 m deep, leaves of tall trees must be capable of adjusting to a wide variety of within-crown environments including vastly different levels of light availability and gravity-induced water stress. Investigations of leaf-level variation along the vertical gradient reveal contrasting ecological responsiveness to either light or water availability. In responding to light, species that are usually shorter than 70 m tend to manipulate leaf density and area to optimize light harvesting (Niinemets and Kull 1995a , 1995b , Cescatti and Zorer 2003 , Gebauer et al. 2011 , 2012 , Coble and Cavaleri 2014 , whereas taller or more waterstressed species tend to be hydraulically constrained and to invest in increasing hydraulic safety (Jennings 2002 , Niinemets 2002 , Woodruff et al. 2004 , Ishii et al. 2008 , Ambrose et al. 2009 , Cavaleri et al. 2010 , Azuma et al. 2015 , Chin and Sillett 2016 . Whether any very tall trees respond primarily to light, or if the water stress imposed by height compels investment in waterstress tolerance, remains unknown.
Anatomical acclimation to light often serves to increase photosynthetic output at high irradiance (Oguchi et al. 2003 (Oguchi et al. , 2006 . Within leaves, two of the principle determinants of photosynthetic capacity are gas exchange through stomata to chloroplastcontaining cells and hydraulic conductivity across the mesophyll , Oguchi et al. 2006 , Scoffoni et al. 2016 . Plasticity in these traits may be limited in the tallest trees, where dense mesophyll and reduced stomatal conductance are often reflected in treetop enrichment of 13 C (McDowell et al. 2002 , Koch et al. 2004 , Chin and Sillett 2016 . In the tallest species, Sequoia sempervirens (redwood), which can exceed 115 m, leaf traits are closely tied to water availability (Koch et al. 2004) . Hydraulic constraints on leaf anatomy and height-related phenotypic variation promote water-stress tolerance, but light acclimation is not observed in paired inner-and outer-crown samples from tall S. sempervirens (Oldham et al. 2010) . Some weak morphological responsiveness to light is observed in lower-crown samples, but this disappears above 55-85 m (Ishii et al. 2008) . Unlike fellow members of the Cupressaceae, Sequoiadendron giganteum and Cryptomeria japonica, xylem area in S. sempervirens leaves decreases with height (Oldham et al. 2010 , Azuma et al. 2015 , Chin and Sillett 2016 . This may indicate less reliance on groundwater than other tall species, perhaps due to uptake of water through leaves and bark (Burgess and Dawson 2004 , Azuma et al. 2015 , Earles et al. 2016 . Although S. sempervirens seedlings exhibit more leaf-level Ψ variation than seedlings of closely related S. giganteum, trees planted outside the narrow range of this species can starve due to overly conservative stomatal behavior, even when watered (Litvak et al. 2011 . The tallest trees occur in the northern part of its range at the southern limit of coastal temperate rainforest in North America, where forest stature and accumulation of aboveground carbon reach the global maximum (Van Pelt et al. 2016) . Alongside S. sempervirens grow other tall conifers, including Pseudotsuga menziesii and Picea sitchensis (Bong.) Carr. of the Pinaceae, which reaches heights up to 97 m in these forests.
Coexistence of species is stabilized by niche separation (MacArthur and Levins 1967, Chesson 2000) , and the occurrence of three species over 90 m tall in the same forest suggests partitioning of the tall-tree niche to some extent. Trunks of P. sitchensis over 400 years old are inevitably well decayed and near collapse (Van Pelt et al. 2006, Van Pelt and , whereas trunks of S. sempervirens resist fungi and can stand more than 2000 years . Contrasting life histories in species reaching similar size must be reflected in physiology and underwritten by anatomical differences, but little is known about how leaves of P. sitchensis vary along the vertical gradient. To better understand the ways in which tall trees manipulate leaf-level traits to suit their environments, we selected P. sitchensis as a model species because we thought it most likely among tall conifers to exhibit phenotypic responsiveness to light availability. Light acclimation would support rapid growth over a relatively brief lifespan, and the much shorter Picea abies is one of the few conifers known to respond at the leaf-level to the availability of light, making P. sitchensis a good candidate for increasing our understanding of within-crown variation in tall tree leaves (Niienmets and Kull 1995a , 1995b , Gebauer et al. 2011 , 2012 . Our objective in this study was to investigate the phenotypic plasticity of P. sitchensis leaves in response to light and water availability, revealing the anatomical basis on which the tall-tree niche is partitioned in forests dominated by S. sempervirens, where different leaf-level strategies may increase the stability of tall tree coexistence. We collected leaf samples from crowns of several tall P. sitchensis and measured over 40 anatomical traits on transverse sections, longitudinal sections, whole-leaf scans and epidermal imprints to quantify three-dimensional leaf structure. Because rapid growth, as seen in P. sitchensis, requires an ample supply of sugars, we targeted traits associated with hydraulic limitations to growth as well as those related to the ability of leaves to conduct water and exchange gas.
Materials and methods

Study sites and sample trees
Picea sitchensis occurs from Alaska to California, clinging to the coast throughout its range (Hardin et al. 2001) . Although pure P. sitchensis forests exist, it thrives most often as an emergent or co-dominant in forests where other species are more abundant (Van Pelt 2001) . Heavily logged throughout its range, P. sitchensis trees >90 m tall are now restricted to a few protected areas in British Columbia, Washington and California. We selected eight trees 86-97 m tall from old-growth forest reserves in far northern 124.1 W) and Prairie Creek Redwoods State Park (41.4 N, 124 .0 W)-for sampling. Using two geographically close study sites with trees of a similar size made it possible to consider the trees as a single population.
Measurements of light and height
We climbed five tall trees (1-5, Table 1 ) and collected 43 samples spanning 87 m of crown depth (i.e., 8-95 m above the ground) to explore the ways in which P. sitchensis leaves respond to within-crown variation in light and water availability. Sample height was measured using a tape lowered to average ground level, defined as the midpoint of highest and lowest points around the trunk perimeter beneath debris. We took a hemispherical photograph directly above each sample using a digital camera on a self-leveling mount. Photographs were analyzed with WinScanopy (Régents Instruments, Nepean, Ontario, Canada) to compute light availability as total site factor (TSF), the proportion of direct and indirect solar radiation relative to open sky.
Anatomical preparations and measurements
Immediately after collection, samples were brought to the ground and re-cut under water before removal from the field. After allowing sample shoots time to equilibrate, leaves were gently removed from mature current-year shoots and their central 3 mm were fixed in 10% formalin-propionic acid in 50% ethanol (FPA). Fixed leaves were embedded in paraffin, sectioned transversely at 10 μm with a rotary microtome, mounted on glass slides, and then multiply stained (procedure in Oldham et al. 2010) . Transverse sections were digitally photographed for anatomical measurement, which provided the traits used in modeling phenotypic responses. Measured traits were selected based on their known within-crown variation in other tree species, association with photosynthetic productivity or their uniqueness to P. sitchensis (Table 1) . Subsamples were scanned, dried at 60°C, and weighed to determine leaf mass per area (LMA), while others were reserved for carbon isotope analysis at the Colorado Plateau Stable Isotope Laboratory (Northern Arizona University, Flagstaff, AZ, USA).
To better understand variation observed in the original set of leaf transverse sections, we collected 30 samples from three additional tall trees (6-8, Table 1 ), using only mature currentyear shoots and sampling during autumn, as we had done with the first five trees. These samples were used to quantify stomatal characteristics leaf length, mesophyll structure, and carbon isotope composition. From nail polish imprints, we were able to measure stomatal counts per mm, number of rows, distance between stomata, and density. Stomatal plugs remained in the nail polish after leaves were removed, allowing for calculation of a surrogate stomatal pore index (SPI = stomatal density × guard cell length, Sack et al. 2003) , since we were able to verify that the internal plug surface was equal to guard cell length. Because guard cell length is indicative of peak stomatal aperture, SPI is an indirect measure of pore-per-area (Sack et al. 2003) . Mesophyll of P. sitchensis is arranged in a series of transverse plates (Marco 1939) , so in order to quantify mesoporosity (i.e., mesophyll airspace per area), longitudinal sections were required. To make these notoriously difficult sections, we used a novel method where each fresh, unfixed, 4 mm mid-leaf section was 'embedded' by covering in a drop of Original Super Glue (Super Glue Corporation, Ontario, CA, USA). The leaf segment was placed adaxial side down on a small hardwood block, and the liquid glue was squeezed carefully over the top so that a domed drop encased the sample, which was allowed to dry for~30 min until completely hard. Hardened samples were sectioned at 20 μm with a sliding microtome using a wet blade (to prevent section loss) with an additional drop of water placed on the sample surface (to prevent drying) and quickly transferred to a water bowl where air bubbles could be gently shaken off with a brush. The resulting green longitudinal sections were transferred to a slide, mounted in water and photographed unstained (N = 21, Trees 6-7, Table 1 ). Images of these sections were used to measure mesoporosity, distance between mesophyll plates, number of connections per plate and cell thickness within a 0.5-mm-long digital sampling frame. Lastly, to relate stomatal and mesophyll data from Trees 6-7 back to our original transverse sections of Trees 1-5, we cut 11 additional green transverse sections from one tree (6, Table 1 ). To make these sections, we placed a short segment of fresh leaf directly in the jaws of a sliding microtome and placed a drop of tapioca starch-water on the cut end to support the tissues during sectioning at~20 μm. This messy process worked well despite the large band of adaxial fibers that make sectioning P. sitchensis leaves unusually difficult. After rinsing off the starch, green transverse sections were mounted on slides and photographed without any staining or other processing. We used these green sections to measure the same cross-sectional variables as in samples from Trees 1 to 5, except the small-celled transfusion tissue that cannot be clearly seen without staining (Table 1 ). The green transverse sections were thicker than the embedded and stained sections so that all mesophyll plates were complete, and we could additionally measure the tortuosity (path-length per linear distance) of radial and tangential apoplastic pathways across the leaf. Apoplastic pathways were traced along mesophyll cell junctures, radially from the endodermis to a stoma and tangentially from a stoma to the opposite epidermis using the shortest routes available without crossing the face of the mesophyll cells. All imprints, sections, and scans used in this study were measured with ImageJ (National Institutes of Health, Bethesda, MD, USA) to determine counts, distances, thicknesses, and areas, allowing us to describe over 40 anatomical features (Table 1) . Nearly all of the tissues we measured have been described in other plants (see Esau 1977) , but the small-celled transfusion tissue may be unique. Clustered in a group adjacent to the xylem, these tracheids were smaller than typical transfusion tracheids, had distinctively thin cell walls, and were free of any parenchyma.
Data analyses
We separated effects of light and water availability on anatomy of P. sitchensis leaves by modeling 23 leaf traits from Trees 1 to 5 as functions of multiple predictors representing these two ecological gradients (Table 2) . Both height and δ 13 C were used as potential predictors of water stress, because height indicates the maximum local water potential under which leaves develop, and δ 13 C reflects chronic hydraulic limitation (Chin and Sillett 2016) , especially as it was unrelated to nitrogen concentration (R 2 = 0.016). We chose TSF, which had an exponential relationship to height similar to that of S. sempervirens (Oldham et al. 2010) , as the best predictor of light availability. To explore the interaction of height and light, we used the residuals of their exponential relationship as an index of how bright a sample's location was for its height, a predictor called height-specific light (Table 2) . Using a stepwise model-selection procedure, we started with the saturated model (height, δ 13 C, TSF and height-specific light) and removed each term in turn. At each step we evaluated the value of adding back previously removed terms using corrected Akaike information criterion (AIC c ). Where TSF appeared in single-term models, we remodeled those traits using logtransformed TSF, which improved the fit and likelihood in some cases. The top three models for each anatomical trait, along with Table 2 . Traits of P. sitchensis leaves modeled as functions of light availability and water stress using data from Trees 1 to 5, ordered by goodness of fit (R 2 ). Light = TSF (* denotes log transformation). Height-specific light = residuals of exponential fit of TSF vs height. Selection criterion (AIC c ) and Akaike weight (w i ) are also given for each model. the top model containing any predictor not represented in the top three, were then assigned a relative likelihood (Akaike weight) for comparison. At this point we further narrowed the candidate model set to those with good predictive ability by retaining only models where all terms had a standard error less than half the mean parameter estimate. In the few cases where models were discarded due to a large error of the intercept parameter, we removed the intercept and remodeled the trait with the same term(s), retaining this model in the final set if it met our selection criteria. Following this procedure, most traits of P. sitchensis leaves were represented by a single suitable model. Where multiple models remained, Akaike weights were reassigned and models were compared based on likelihood and goodness of fit. Finally, to explore stomatal, mesophyll-related and crosssectional traits from Trees 6 to 8, we used linear regression against height and δ 13 C. For Tree 6 alone, we used an estimate of TSF based on cross-sectional area and δ 13 C as an additional independent variable (TSF model derived from Trees 1 to 5, R 2 = 0.72). All analyses were performed in the statistical program R, version 3.2.1.
Results
Phenotypic plasticity of leaves
Supporting our prediction that P. sitchensis leaves respond to light and gravity-induced water stress, we found informative models expressing the impact of one or both of these ecological gradients on 23 anatomical and morphological traits (Table 2) . Light availability, not hydraulic limitation, was responsible for a large portion of the extensive leaf-level variation observed in P. sitchensis (Table 2) . Remarkably, leaf width increased so that treetop leaves were more than twice as wide as those in the lower crown, and 97% of variation in leaf width was explained by light availability (Figures 1 and 2 , Table 2 ). The increase in width was accompanied by light-associated increases in leaf perimeter, cross-sectional area, thickness, xylem area, and transfusion tissue area, all traits with strong allometric relationships. We also observed responses to light availability in the increased centrality of the vascular bundle, which shifted closer to the abaxial surface while adaxial mesophyll became slightly thicker, increased area of adaxial fibers, and decreased endodermal thickness (Table 2, Figure 3C and E, see supplemental table available as Supplementary Data at Tree Physiology Online). The water potential maximum (as indexed by height) correlated with a persistent decrease in leaf length of P. sitchensis. Additional hydraulic influences were revealed by increases in phloem and small-celled transfusion tissue areas ( Figures 3F  and 4E ), the number of endodermal cells in a ring, and the decrease in leaf thickness per cross-sectional area ( Table 2) . The apparently height-driven reduction in leaf length and thickness interacted with acclimation to light availability such that height, TSF and height-specific light were co-predictors in models for leaf mass, silhouette area, LMA and, to a lesser extent, cross-sectional area, all of which were greatest near the treetop ( Table 2 ). The number of plications per mesophyll cell ( Figure 3A ) was the only trait explainable by chronic hydraulic limitation (as indexed by δ 13 C) alone (Table 2) .
Stomatal variation
We observed stomata on the abaxial surface-initially as few as eight per leaf-beginning 50-70 m above the ground on Trees 6-8, while previous studies of P. sitchensis found stomata only on the adaxial surface (Marco 1939 , Jeffree et al. 1971 . Due to the increase in abaxial SPI (from zero in the lower crown), whole-leaf SPI was~20% higher near treetops. The number of stomata more than doubled with height to >5000 per leaf at the treetop, and adaxial SPI was closely conserved through adjustments in stomatal density despite increases in leaf width and decreases in plug length (Table 3) . We observed little difference between light availability (as predicted for Tree 6) and height in goodness of fit for stomatal traits, with the exception of the number of stomata per leaf, which was more closely related to light availability than to height (Table 3 ). The number of abaxial stomata per leaf was better explained by height than leaf width, which we examined in Trees 6-8 due to its very strong relationship to light in Trees 1-5 (Table 2 ). In no case did δ
13
C have as close a relationship to any stomatal trait as did height or light availability. However, among stomatal variables, δ 13 C was best explained by the percent of stomata occurring on the adaxial surface (Table 3 ).
Mesoporosity and mesophyll structure
Mesoporosity, as measured from longitudinal sections (Trees 6 and 7, Table 1), decreased with height (Table 3, Figure 2B ). The >60% decrease in mesoporosity was driven by a decrease in the distance between mesophyll plates along with an increase in number of inter-plate connections per plate (Table 3) . Connections-per-plate was the only mesoporosity-related trait almost as well explained by light availability as by height, and it correlated strongly with leaf width. Connections-per-plate was also one of the traits most closely related to δ 13 C (Table 3) . The difference in width between the smallest and largest mesophyll cells decreased with height, largely due to the fact that there were no very wide cells in upper crown leaves (Table 3) . Overall, traits related to mesophyll structure correlated better with height than with either δ 13 C or light availability.
Lessons from green sections
We made green transverse sections from Tree 6 ( Figure 2A , Table 1 ) to link models created from Trees 1-5 to information on stomatal and mesophyll traits. As previously observed (Table 2) , prominent features of transverse sections from Tree 6 correlated better with light than water availability, confirming a mixed ecological response for SPI and a hydraulically driven response for mesoporosity (Table 3 ). The thickness of green sections allowed us to obtain images of the whole solid plate surface ( Figure 2A ) and thereby trace apoplastic pathways across the mesophyll ( Figure 5 ). At all heights, tangential apoplastic tortuosity (mean = 1.321) was greater than radial tortuosity (mean = 1.097). Height was related to radial tortuosity in this single-tree sample (Table 3) . Not all traits were equivalent when measured on unfixed green sections versus prepared slides. Area of fiber bundles and thickness of mesophyll cell walls were~30% greater in green sections than in FPA-fixed, alcohol-dehydrated, wax-embedded, transverse sections from Trees 1 to 5, suggesting that processing caused shrinkage, and that the tissue that shrunk once held water. Furthermore, folds of plicate mesophyll cells were not as deep in green sections as in prepared slides, and no airspaces were visible between them.
The plate-like arrangement of P. sitchensis mesophyll was orderly and always uniseriate. Mesophyll cells were smooth-walled on the transverse surface, appearing oval-shaped in longitudinal section ( Figure 4A ), yet they were plicate along edges ( Figure 4D ). These plicate edges were 0.002-0.004 mm thick, while flat surfaces were too thin to measure precisely. Plicate mesophyll cells were arranged radially around the endodermis in such a way as to minimize the apoplastic path-length leading to each stoma (Figures 2A, 3B, 4C and 5). Where mesophyll plates directly intercepted stomata, stomata were bridged by distinctive V-shaped Tree Physiology Online at http://www.treephys.oxfordjournals.org Light acclimation fuels rapid tree growth 1359 cells ( Figures 3D and 4B) , and gaps in the palisade layer were in line with rows of stomata.
Discussion
Availability of light-not water-appears to control a substantial degree of leaf anatomical variation within the crowns of tall P. sitchensis trees, contrasting with the situation in neighboring S. sempervirens trees (Oldham et al. 2010) . Traits acclimated to the light environment in P. sitchensis leaves are associated with a high photosynthetic rate through their enhancement of either stomatal conductance of CO 2 or hydraulic conductivity. Leaves growing in the brightest locations are more than twice as wide as leaves from the shadiest locations within P. sitchensis crowns (Figures 1 and 2) . The model predicting leaf width as a linear function of light availability is nearly 10 times more likely than any model containing water availability, none of which meet our minimum criteria for predictive value (Table 2) . Along with lateral leaf expansion, perimeter, transfusion tissue area, xylem area, total cross-sectional area and adaxial fiber area also increase with access to light ( Table 2 ). The vascular bundle (stele) becomes more centrally located with light availability as the endodermis and its contents move from a low-light position near the adaxial epidermis to near mid-leaf at the treetop. While increases in leaf width and xylem area are similar to observations of light acclimation in a shorter Picea species (Niinemets and Kull 1995a) , P. sitchensis may be the only example of a tree over 60 m tall with wider leaves at the treetop. Plasticity of this nature may be related to the nutrient-rich alluvial forest occupied by P. sitchensis in this study. Low nutrient availability constrains acclimation to irradiance in needle morphology of P. abies (Grassi and Minotta 2000) , while shoots of Picea glehnii and Picea jezoensis have reduced plasticity when grown on volcanic ash (Ishii et al. 2007 ). Given ample nutrients, photosynthetic gains appear to outweigh the need for xeromorphic reductions in surface area or vein-protecting increases in transfusion tissue per unit xylem in P. sitchensis.
Structural acclimations to light availability
For most plants, light might be a limiting resource, but for tall trees, hydraulic limitations on gas exchange in the areas with the greatest solar exposure may put selective pressure on traits promoting CO 2 uptake. Leaf width and perimeter may increase in P. sitchensis not just to capture more light, but also to maintain gas exchange in the upper crown by increasing whole-leaf SPI. Adding up to 3000 stomata per leaf from the lowermost leaves to the treetop is a costly hydraulic strategy that might also increase the risk of both leaf shrinkage and cavitation, but ample stomata provide a means by which CO 2 conductance can be high even where pore-size is smaller and closure comes earlier in the day. Wider leaves at the treetop have a price in terms of evaporative losses and self-shading, but increasing leaf width may lower construction costs per unit area, an important consideration in crown positions where high mesophyll density contributes to LMA (Givnish 1988, Falster and Westoby 2003a) . Even a very small increase in leaf width of~0.1 mm can add a stomatal row, resulting in an exponential increase in stomatal numbers-about 200 per row-that more than compensates for the effects of leaf shortening on surface area and stomatal pore size. Even as wide leaves allow for more adaxial stomatal rows, abaxial stomata began to appear in the mid-crown, first in small patches near leaf tips and eventually in complete rows at the treetop, accounting for the height-related increase in whole-leaf SPI, because adaxial SPI does not vary with height or light availability (Table 3 ). Higher SPI is linked to increased stomatal conductance (g s ) in a variety of species (Sack et al. 2003 . Amphistomy, having stomata on both leaf surfaces, is more common among fast-growing species and may represent a fitness trade-off in exchange for increased photosynthesis (Muir 2015) . The amphistomatous condition is associated with thick leaves and high-light environments, as well as enhanced g s and photosynthesis (Parkhurst 1978, Mott and Michaelson 1991) , all of which help explain its appearance and increase with height in P. sitchensis. Stomatal density is highest near treetops and is positively correlated with maximum potential height in many angiosperm species (Sack et al. 2006, Camargo and Marenco 2011) . Likewise, a diverse group of angiosperms increase their stomatal density in response to light, perhaps to enhance their ability to respond quickly to canopy gaps (Knecht and O'Leary 1972 , Gay and Hurd 1975 , Lichtenthaler et al. 1981 , Lake et al. 2001 , Sack et al. 2003 , Boyne et al. 2013 . High stomatal density is apparently worth the cost of additional water loss in areas with high potential photosynthetic yield. Maintaining a presumably high rate of CO 2 conductance, however, is only part of how P. sitchensis adjusts its leaves to match light availability. Success of this species may also derive from features supporting efficient water transport across the mesophyll. Much of the range in leaf hydraulic conductivity (K leaf ) among species can be attributed to dissimilarity in outside-xylem conductivity (K ox ) based on differences in mesophyll structure (Scoffoni et al. 2016) . The plate-like arrangement of mesophyll is not unique to P. sitchensis, as it is also found in P. menziesii and other Picea species (see images in Marco 1939 , Esau 1977 , but the orderly arrangement of mesophyll with a minimal 1-2 cell palisade layer ( Figure 2B ) is unusual, if not unique to P. sitchensis. Recent models predict that the majority of water movement outside the xylem occurs as bulk flow through the apoplast with transport capacity determined on the anatomicallevel by pathlength, tortuosity, cell size and cell wall radii (Buckley 2015 . In P. sitchensis, the radial arrangement of consistently sized mesophyll cells creates a potentially efficient apoplastic route, along the plications, in a direct path from endodermis to stomata ( Figures 4C and 5 ). This hypothetical radial pathway would take advantage of the thickwalled edge region of the plicate mesophyll cell and presumably have lower resistance than a path crossing transverse surfaces with their smaller cell wall radii. Furthermore, these radial paths each meet a V-shaped cell bridging a stoma, and the thick end walls of these specialized cells may provide a site for evaporation into the sub-stomatal chamber, while their shape facilitates gas exchange with both sides of the mesophyll plate ( Figure 4B ).
Mesophyll plates of P. sitchensis, while different in being photosynthetic and uniseriate, share structural similarities with the bundle sheath extensions (BSEs) of many angiosperms, which extend from bundle sheath to epidermis, dividing the leaf into chambers (Wylie 1952 , Terashima 1992 . Bundle sheath extensions greatly enhance both K ox and g s because they lower the resistance between bundle sheath and epidermis by providing a direct apoplastic route for water transport that allows stomata to remain open (Wylie 1952 , Scoffoni et al. 2008 , Buckley et al. 2011 , Zsögön et al. 2015 . Ecologically, BSEs are correlated with bright environments and tall trees; the vast majority of emergent trees in Malaysia possess BSEs as do the four tallest angiosperm genera Eucalyptus, Shorea, Hopea and Koompassia (Wylie 1952 , Kenzo et al. 2007 , Zhang and Cao 2009 , Inoue et al. 2015 . Further investigations may reveal a functional analogy between the mesophyll plates of tall conifers and the BSEs of tall angiosperms that could similarly boost K ox by increasing capacity for apoplastic water movement along the comparably direct pathways between vein and stomata.
The light-driven change in vascular bundle position, from very near the adaxial surface in the lower crown to centrally located in the treetop, suggests optimization of water transport through the mesophyll (Figure 2A ). Distance to the transpiring surface is a major factor in K ox , because distance increases resistance and further lowers Ψ at the epidermal level, making an adaxial shift seem reasonable as stomata appear on that surface. The vascular bundle's relative position shift may further increase the optimality of vein placement by decreasing the difference between horizontal and vertical distances from vein to leaf surface (Zwieniecki and Boyce 2014a) . Changing vascular bundle placement thus makes sense as a way to cope with widening leaves. The vascular bundle also becomes larger with increasing light availability, which should help supply the wider leaves with water and simultaneously increase thermal loading , Buckley 2015 .
The bundle of fibers located just inside the adaxial epidermis between the two stomatal beds is another intriguing anatomical feature of P. sitchensis that responds to light availability ( Figure 4F ). These fibers were~30% larger in non-dehydrated than in fully hydrated transverse sections, presumably because histological processing removed water from the cells (compare Figures 2A and 3E ). All fibers, even those with a high ligninfraction, have a saturation point for bound water (Berry and Roderick 2005) , and liquid water can be stored and transported by cellulose-containing fibers, which carry water outside the xylem in leaves of Gnetum gnemon (Zwieniecki and Boyce 2014b) . Multiplying average leaf length by the difference in average adaxial fiber area between fixed and unfixed samples, we estimate that these fibers hold~0.05 mm 3 of water per leaf when saturated, 20% greater than the similarly estimated average volume of the xylem, cell walls included. Whether these fibers in P. sitchensis have a transport or capacitive role, their presence could support stomatal openness and reduce hydraulic risk.
Inevitable hydraulic constraints
Maximum daily water availability, as indicated by height in the crown, is ultimately responsible for the slow but steady decline in leaf length (Figure 1, Woodruff and Meinzer 2011, Chin and . In much shorter, sun-grown P. abies, leaf length, like width, increases with light availability (Niienmets and Kull 1995b) , which implies that the relative shortness of uppercrown P. sitchensis leaves is a result of hydraulic constraints on cell elongation. Decreasing leaf length associated with increasing height appears to be universal among tall trees and is of particular interest, because length is linked to both LMA and mesoporosity (Niinemets 2002 , Woodruff et al. 2004 , Cavaleri et al. 2010 , Oldham et al. 2010 , Chin and Sillett 2016 . Anatomical and morphological features that vary with water stress and reflect growth limitations-rather than functionally enhancing stress tolerance-may prove to be useful targets of trait-based climate-change modeling. Given the plate-like structure of P. sitchensis mesophyll and hydraulic constraints on leaf length, it comes as no surprise that the distance between mesophyll plates decreases with height ( Figure 2B ). Mesoporosity is best explained by height (Table 3) , and its decrease is related to both distance between plates and a 5.6-fold increase in the number of connections per plate. The mesophyll of lower-crown leaves averages 29% airspace, while leaves near treetops have only 11% of their mesophyll area available for CO 2 diffusion and storage ( Figure 2B ). The number of connections would seem to slow gas diffusion (Parkhurst 1994) , but despite the connections and reduction in airspace, the thin transverse walls of mesophyll cells all remain in direct contact with air throughout the crown and are sites of chloroplast congregation ( Figure 4A ). Considering that δ 13 C values of this conifer suggest it is less limited by gas exchange than S. sempervirens (Koch et al. 2004) , the unique mesophyll structure of P. sitchensis may help mitigate impacts of leaf shortening on photosynthetic capacity by optimizing cell-air contact and providing efficient CO 2 diffusion routes within leaves.
Functional traits supporting leaf survival
Not all anatomical variation related to height results from physical constraints on growth; some of this variation is more likely to have a functional role in water stress tolerance. Small-celled transfusion tissue ( Figure 4E ), which we have not observed in tall S. sempervirens, S. giganteum or P. menziesii, or in published images, is a distinct parenchyma-free cluster of thin-walled (<0.001 mm) tracheids that are substantially smaller than typical transfusion tracheids. Transfusion tissue can collapse under water-stress to protect the leaf from damage and then later refill , Ishii et al. 2014 , Zhang et al. 2014 , Azuma et al. 2015 . These are, by far, the thinnest tracheids we have observed, especially in comparison with adjacent tissues, making them much more likely to buckle under tensions survivable by xylem cells. The number of folds per plicate mesophyll cell was the only anatomical feature of P. sitchensis that was best explained by δ 13 C alone (Table 2) , a predictor we associate with hydro-protective traits at sites of peak waterstress (Chin and Sillett 2016) . The folds also appear to be deeper in the alcohol-dehydrated sections than the green sections (compare Figures 3A and 4D ). This combination provides evidence for a potentially unrecognized function in leaf-shrinkage tolerance where plicate cells may cope with low turgor by systematically folding to reduce cell volume.
Anatomical basis of a strategic contrast
Picea sitchensis and S. sempervirens reach great heights in the same forests. While S. sempervirens gains height more slowly, it can live over five times longer . We expect differences in leaf anatomy to reflect contrasting life histories of these co-occurring species. Leaves of P. sitchensis strongly acclimate to the light environment, a striking contrast to the situation in S. sempervirens, whose leaves adapt to hydraulic limitations by varying investments in water-stress tolerance, including decreasing leaf perimeter with increasing height (Figure 6 ). Revisiting our S. sempervirens data (Oldham et al. 2010 ) with the identical modeling procedure used for P. sitchensis in this study, we find that none of the nine traits from that earlier study has light as the first predictor in their top model. For example, using leaf cross-sectional perimeter-the trait best explained by light in P. sitchensis (Table 2 )-we find that not only is height alone the best model for S. sempervirens, but it is also 10 9 times more likely than light availability to explain within-crown variation in leaf perimeter ( Figure 6 ). Whereas the long lifespan of S. sempervirens is supported by investments in drought survival, the rapid growth of P. sitchensis appears to be sustained by investments that promote conductance of CO 2 and K leaf . Tree-level LMA of P. sitchensis is~20% greater than in S. sempervirens, yet the amount of total vascular area (transfusion tissue plus xylem) per cross-sectional area is over twice as great in P. sitchensis. A large vascular volume should enhance K leaf , and the plate-like mesophyll structure may do a better job of maintaining gas exchange than the more chaotically arranged mesophyll of S. sempervirens (A.R.O. Chin, personal observation). Furthermore, P. sitchensis has a remarkable feature, which allows it to take hydraulic risks at the leaf-level without risking other leaves or the stem. The strigmata (peg) is a decurrent leaf base with an abscission zone allowing sudden leaf drop (Hardin et al. 2001) . Like its closest living relative S. giganteum, S. sempervirens may be unable to avoid stem-tissue death when leaves are killed (Chin and Sillett 2016) , disallowing the sort of risks P. sitchensis can take, and perhaps forcing investments in leaf survival over output. The greater longevity of S. sempervirens inevitably leads to its dominance of tall coastal rainforests. As the only conifer known to exceed 90 m in <300 years, P. sitchensis can maintain a low-density population in these forests by utilizing opportunities created in riparian zones and after gap formation (Van Pelt et al. 2006 . In the tallest angiosperm, Eucalyptus regnans, the amount of leaf area per sapwood area is higher in taller Figure 6 . Contrasting responses of P. sitchensis (top) and S. sempervirens (bottom) to light availability (left) and height aboveground (right). Sequoia data from Oldham et al. (2010) .
Tree Physiology Online at http://www.treephys.oxfordjournals.org individuals as part of a physiological strategy known as growth maximization, whereby leaf area increases to maximize light capture despite increasing hydraulic constraints with height (Buckley and Roberts 2006, Koch et al. 2015) . Growing in the absence of other conifers, P. sitchensis saplings have a mortality rate of~90% (Van Pelt et al. 2006) , suggesting a high degree of intraspecific competition that may have driven it toward rapid growth to support its persistence as a short-lived light-opportunist in forests ruled by others. The presence of S. sempervirens forces a race for light that pushes coexisting tree species toward their peak heights, yet an ability to grow rapidly should also serve P. sitchensis well in the northern parts of its range where the growing season is shorter.
Conclusion
Like all trees, P. sitchensis is difficult to fathom from groundbased measurements alone. Phenotypic plasticity is a complex phenomenon, and whole-crown investigations of leaf anatomical variation provide a necessary basis for ecological understanding. A strategy prioritizing light acclimation over leaf longevity is not limited to short trees and angiosperms. One of the tallest conifers, P. sitchensis exhibits strong light acclimation and a growth rate comparable to that of E. regnans (Koch et al. 2015) . Where rates of evapotranspiration are low, as in temperate rainforests, stomatal conductance and photosynthesis can be more rapid for a given leaf hydraulic conductivity (Scoffoni et al. 2016) . The coastal climate of California provides the low evaporative demand needed to fuel rapid growth in P. sitchensis despite inherent limitations on K leaf in single-veined leaves. Recent analyses suggest that climate change will lead to increasing wind intensity and drought severity in north coastal California (Pierce et al. 2013 , Sydeman et al. 2014 , McIntyre et al. 2015 . Dropping leaves at strigmata during drought may make P. sitchensis more vulnerable to carbon starvation than species with conservative leaf-level strategies (Anderegg et al. 2013) . Exploration of foliar responses to ecological variation can reveal anatomical traits useful for understanding tree physiology and predicting potential impacts of climate change on trees and forests.
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